Pressure generator. Some of the earliest characterizations of the heart as a pressure generator can be attributed to Stephen Hales during the 18th century. In his early animal experiments, he was able to quantify peak blood pressure by inserting glass cannulas into arteries and measuring the height of blood and correlated this to cardiac output (CO) (9) . Inherent in this concept is the acceptance that the heart contracts rhythmically and provides the requisite energy (developed pressure) to circulate the blood through various tubes with varying resistances. In fact, a previous report (18) in dogs has estimated that 90% of the total power produced by the heart is used to pump blood through the systemic circulation, whereas the remaining 10% would be directed toward distending compliant blood vessels. In this light, the heart would be considered a pressure generator with pressure serving two functions: 1) to drive blood flow and 2) distend the aorta, thus allowing its operation as a windkessel vessel for the subsequent delivery of blood to vascular beds during diastole. To keep concepts simple, one might first consider introducing the classical pressure relationship (Eq. 1), in which pressure (P) is equal to the force (F) applied per unit area (A):
This should be familiar to most learners from their secondary studies; however, the application of the relationship to CV physiology might not be evident. As such, the introduction of the hemodynamic equivalent of Ohm's law becomes imperative. If we consider blood flow into various tubes (blood vessels) being created by a pressure head (generated by the heart) needing to overcome variable resistances, then we can rewrite Ohm's law of electricity (Eq. 2) into the classical hydrodynamic relationship (Eq. 3):
where V is voltage, I is current, R is resistance, ⌬P is the pressure gradient, and F is blood flow. From Eq. 3, we can see how the electrical circuit components of a change in voltage becomes a change in pressure, current becomes analogous to blood flow, and resistance of the electrical circuit is replaced with resistance of the circuit of tubes filled with a liquid. Importantly, pressure must be described as the difference between two points: upstream (P 1 ) and downstream (P 2 ) pressures. Previous knowledge of CV system anatomy is of most benefit as the higher pressure in the upstream arteries compared with the downstream veins relates to the direction of blood flow from the heart. In this case, the heart is presented as the generator of pressure creating just enough upstream pressure to overcome the total resistance of the circuit to maintain the required blood flow. The benefit of this presentation of the heart as a pressure generator is the concept is internally consistent at a basic level: the pressure gradient tends to be fairly constant over time (excluding many possible acute perturbations to the system) and, most importantly, intuitive to the novice learner. For example, one may ask the novice learner: "What would happen to blood flow if resistance was increased with no change in the pressure gradient?" To help problem solve the question, the instructor could rearrange Eq. 3 to Eq. 4, which is now expressed in classical CV physiology terms depicting how blood flow is affected by changes in either pressure or resistance:
To answer the question, the learner practices problem solving by either using intuition or relying on arithmetic. For example, if resistance increased, blood flow must have decreased if the pressure gradient did not change. An alternative option could also be presented: the heart must have increased upstream pressure to maintain the same blood flow with increased resistance. A pertinent real-world analogy could be introduced explaining the decrease in water flowing from a garden hose when one has pinched the hose (increased resistance). For more advanced learners, this might be a good time to introduce a potential problem with using a velocity measurement for a surrogate indicator of volume flow as someone might make the erroneous assumption of increased flow of water when one uses their thumb to partially cover the output nozzle (beyond the scope of this article).
Systemic and pulmonary pressure gradients. The understanding of the above concepts provides the requisite background for transition into presenting the fundamental differences between the systemic and pulmonary circulations. One may choose to start by introducing the concept of mean arterial pressure (MAP) as the average pressure the blood exerts against the walls of the arteries throughout a cardiac cycle. It could be alternatively stated as the average pressure head created by the heart to overcome the average resistance to deliver the average blood flow [this will become important later when introducing a classic CV function equation (Eq.
5)].
One may use this opportunity to explain how MAP applies vis-à-vis the different phases of ventricular emptying and filling. That is to say, blood pressure is pulsatile and varies between phases of ventricular systole (emptying) and diastole (filling). The utility of MAP becomes apparent as it affords the calculation of an averaged pressure the ventricle created over a single heartbeat. As an accurate measurement of mean blood pressure is most often easier to obtain than blood flow, Eq. 4 can be transformed into Eq. 5 to give an estimation of CO:
where MVP is mean venous pressure and TPR is total peripheral resistance.
One can see that blood flow from Eq. 4 now becomes CO, the pressure gradient becomes MAP Ϫ MVP (note that this term is most often expressed only as MAP as the relatively low MVP of ϳ3 mmHg is considered to be negligible), and resistance of the total circuit is expressed as TPR. Traditionally, this equation could be used to get an, albeit very rough, approximation of cardiac function as indicated by CO simply by obtaining a blood pressure measurement and calculation of MAP (notwithstanding fallacies of assuming a normal TPR value and inaccuracies of applying a TPR to a specific organ). From the perspective of the systemic circulation, this translates into the left ventricle (LV) generating a constant pressure (MAP) of ϳ95 mmHg, which is required to overcome a normal systemic vascular resistance (SVR; analogous to TPR) of ϳ19 mmHg·l Ϫ1 ·min Ϫ1 to generate a normal blood flow of ϳ5 l/min. If we assume that the right ventricle (RV) behaves like a constant pressure generator of ϳ15 mmHg, then the resistance of the pulmonary circulation [pulmonary vascular resistance (PVR)] would be ϳ3 mmHg·l Ϫ1 ·min Ϫ1 for the same CO of ϳ5 l/min.
One may now choose to compare and contrast the different pressure gradients across the two circuits highlighting the differences in the required pressure generation between the RV and LV. Once again, the instructor could pose the following question to novice learners to facilitate problem solving and learner engagement: "How is it possible to have the same blood flow in the two circuits despite a much smaller pressure gradient in the pulmonary circuit?" The students could use intuition or simply refer back to Eqs. 4 or 5 to come to the correct conclusion that the pulmonary circuit must have a lower resistance. In the event that a learner is curious enough to ask why, the CV instructor could use the opportunity to introduce the following Poiseuille-Hagen equation (Eq. 6) and the concept of how resistance can affect blood flow and pressure generation by the ventricles:
Equation 6 is a simple transformation of Eq. 4 in which the resistance term has been delineated as eight times the viscosity of the liquid () times the length of the tube (L) divided by times the radius of the tube to the fourth power (r 4 ). After presenting the Poiseuille-Hagen Equation, one could then ask the learners the following questions: "Why does the systemic circulation have approximately six times higher resistance than the pulmonary circulation?" and "Why has the LV evolved to be more muscular than the RV?" Using their background anatomy, they would be challenged to come to the correct response that the systemic circulation is a much longer circulation and the LV is more muscular as it needs to generate more pressure to overcome the greater resistance of the longer systemic circuit [note that this excludes the different structural components, including compliance, of the same types of blood vessels existing in both circulations and does not denote the differences in the greatest site of resistance (pressure drop) as the vascular resistance is more evenly distributed among the arterioles, capillaries, and venules in the pulmonary circuit]. Naturally, many assumptions are made using this approach that should be identified. For example, Poiseuille made his original observations with a Newtonian liquid, flowing in a laminar, nonpulsatile fashion in straight, rigid tubes. This being said, the relationship still affords a straightforward concept, especially for new learners, to understand the effect of increasing resistance on reducing blood flow. Equation 6 also provides the instructor an opportunity to highlight the impact of vessel radius in determining resistance. Importantly, a small reduction in the radius results in a significant increase in the resistance as it is expressed to the fourth power. This provides an opportunity to highlight how local control of arteriole diameter could significantly affect blood flow to a specific organ or capillary bed. For example, an ϳ20% reduction in vessel radius would result in an ϳ60% reduction in blood flow excluding any downstream adaptations (i.e., compensatory vasodilatation). The CV instructor may also decide to provide new learners their first introduction to the concept of ventricular afterload or use the background theory to develop the same afterload concept in greater detail for more advanced learners. Briefly, if afterload is defined as the load the ventricle faces after it begins to contract, an increased resistance would have the effect of increasing afterload. If afterload is indicated by mean aortic pressure, an increase in resistance would result in an increase in this pressure (10) . At this point, a generic pump function graph ( Fig. 1) could be used to present the relationship. One can see that flow decreases as mean aortic pressure (afterload) increases while under control conditions (assuming filling pressure, contractility, and heart rate are kept constant). For high resistance values, the pressure would be near maximal with marginal flow, whereas the intercept with the ordinate (pressure axis) would be analogous to isovolumic contraction.
Although the single curve is presented as entirely load dependent, the heart could be considered operating as a pressure source in this scenario (see below for the opposite explanation for flow source). Of note, the same general relationship is derived when plotting the mean output and pressure of a mechanical roller pump that generates a constant pressure (5) (see Refs. 5 and 27 for original data and a more complete description of a pump function graph). When presented as such, this supports the concept of the heart as a pump increasing pressure when faced with increased resistance. For senior learners, afterload may be further discussed from the perspective of Laplace's law (accounting for higher wall tension with increased afterload) or impedance analysis (ventricular independent measure of afterload) (16) .
Flow generator. To introduce the concept of the heart working as a flow generator, one may choose to use Fig. 1 again and highlight the relationship in which flow now increases with decreasing mean aortic pressure (afterload). From this perspective, one can see that the heart functions more as a flow source than a pressure source. This concept would also provide a natural segue for presenting a pathophysiological example of heart failure in which the reduction in afterload (typically achieved with vasodilators reducing resistance) can improve cardiac function and increase blood flow.
Although Fig. 1 might be a useful introduction, the concept of the heart working as a pump to generate flow might be best followed up by first showing a simplified model of the heart and circulation (Fig. 2) . In doing so, one should consider describing the arterial system as a low-compliance, highpressure component of the systemic circulation, whereas the venous system is exactly the opposite with both systems separated by a resistor (SVR). The concept of compliance can now be introduced with the aid of Eq. 7, in which compliance is shown to quantify the volume change (⌬V) that occurs as a result of a pressure change (note that the reciprocal of compliance is elastance).
Compliance ϭ ⌬V ⁄ ⌬P͑elastance ϭ ⌬P ⁄ ⌬V or 1 ⁄ compliance͒ (7) These fundamental properties of the two systemic circulations will provide the requisite base for understanding the eventual pressure changes that occur with volume changes upon flow generation, as presented below.
In proposing an alternate theory to the classical Guyton "venous return" curve that showed decreased venous return (and therefore CO) (dependent variable) with increased downstream pressure [right atrial pressure (independent variable)] (8), Levy (12) demonstrated that a "vascular function" curve could be created by simply changing the independent and dependent variables (see Refs. 2, 3, 12, and 25 for some shortcomings of Guyton's model). In further elucidating the differences in models, Levy repeated Guyton's experiment using a right-heart bypass, roller pump preparation in openchest dogs. Although the salient results were to demonstrate the coupling of the heart and circulation, the model can be used to effectively introduce the heart as a flow generator. For example, Levy's results demonstrated that the pressures in both the arterial and venous systems equalized and became the mean systemic pressure when the pump was set to 0 l/min (in this case, mean systemic pressure ϭ 15 mmHg, which was deemed to be abnormally high attributed to overhydration and a reflexed induced venoconstriction). Importantly, when the pump was started and flow was generated, arterial pressure increased while venous pressure decreased. This is to suggest that the resulting arterial and venous pressures were determined by the volume being redistributed from the high-compliance venous system to the low-compliance arterial system upon flow generation by the heart (pump). As suggested by Levy (12) , one could clarify the coupling of the heart and circulation by introducing different arterial and venous pressure changes with the commencement of flow (Q). For example, when Q is set to 0 l/min, the pressures in both the arterial and venous systems eventually equalize at 7 mmHg (22) . When Q is increased to 1 l/min, arterial pressure increases to 26 mmHg, whereas venous pressure decreases to 6 mmHg. The final step increase of flow Flow Mean Aortic Pressure (Afterload) Fig. 1 . Generic pump function graph. As mean aortic pressure (afterload) increases, flow decreases. At maximal pressure (afterload), flow is negligible and the heart is working as a pressure source. As flow increases with decreasing mean aortic pressure (afterload), the heart is considered a source of flow. , the resulting pressure differences are dictated by the compliance differences between the arterial and venous systems. That is to say, arterial pressure will increase by a factor of 19 to 1 compared with the decrease in venous pressure [venous system is said to be 19 times more compliant (12)]. One can now reintroduce Eq. 4 to prove the concept with the values given:
Aorta
Condition of no flow: 0 l/min ϭ 7 mmHg Ϫ 7 mmHg/20 mmHg·l 
Ϫ1
As the learner has been previously introduced to compliance (Eq. 7), they could correctly deduce that for the same change in volume, a low-compliance (high elastance) system would have a greater change in pressure than a high-compliance (low elastance) system. Alternatively stated, the equal redistribution of blood volume from the venous system into the arterial system would, predictably, result in a greater increase in arterial pressure than decrease in venous pressure. Importantly, as Levy suggested (12), the resulting pressures are actually a consequence of the rate of flow generated by the heart and distributed throughout the two circuits.
If one prefers visual models versus graphs and plots, a wonderful teaching tool could be used with ter Keurs and Tyberg's hydraulic model of the circulation (24) . In an elegant invited review, Tyberg (25) used the model to demonstrate how changes in venous capacitance could modulate CO. Not unlike Levy's model, this presents the CV instructor an opportunity to not only demonstrate how the heart can act as a flow generator but also concomitantly demonstrate the coupling of the systemic circulation to heart function. Figure 3 shows a complete hydraulic model that includes both the systemic and pulmonary circulations. The dashed lines depict the mean pressures in different vessels and chambers within both circulations when the heart is not generating any flow (once again, pressures set to 7 mmHg throughout). When the pump is set to generate a blood flow of 5 l/min, the RV functions to drain the systemic reservoir and redistribute the blood into the pulmonary circulation. The increased blood flow will result in an increase in mean pulmonary artery pressure to 25 mmHg and mean left atrial pressure to 10 mmHg [both components separated by a resistance (PVR) of 3 mmHg·l
·min Ϫ1 ], whereas the venous reservoir pressure is reduced to 2 mmHg (as indicated by right atrial pressure). The LV will concomitantly generate the same blood flow of 5 l/min into the arterial system, which increases mean aortic pressure to 102 mmHg. The systemic arterial and venous systems are separated by a resistor (SVR), which would equal 20 mmHg·l Ϫ1 ·min Ϫ1 . This would also provide a good opportunity for the instructor to introduce the concept of capacitance: the amount of volume in the system for a given pressure. With this model, it would be easy to see that the venous reservoir is a high-capacitance system, whereas the arterial system is just the opposite. In fact, normal values would predict ϳ70% of the total blood volume to be contained in the high-capacitance venous reservoir during steady-state conditions (21) . An ancillary benefit of this model is its ability to clearly demonstrate how some perturbations to homeostasis are handled by each system. For example, the model can be modified to show two adaptations that the venous reservoir can undergo to enable the pump to maintain or increase its output under different scenarios. As elucidated by Tyberg (25) , the venous reservoir could accommodate an increase in blood volume (as represented by the beaker filling the venous tank in Fig. 3 ) and/or a decrease in capacitance (as indicated by the piston mechanism squeezing the venous tank in Fig. 3 ). Increasing the volume of the circulation is analogous to receiving a blood transfusion or the kidney's role in water reabsorption such that blood volume is increased (important response during hemorrhage, for example), whereas the decrease in venous volume by the piston is analogous to venoconstriction redistributing even more blood to the arterial circulation (important in accommodating increased blood flows and arterial pressure during exercise, for example). Although the in vivo effects of these may have different time scales, both would have the effect of either maintaining or increasing mean systemic pressure and blood flow during times of a homeostatic challenge [please refer to Ref. 26 for a more recent hydraulic model, which includes a detailed representation of the arteriovenous resistances and essential features of the reservoir wave approach (beyond the scope of this article)].
Discussion. Although not necessarily intuitive to the novice learner, senior learners should have the requisite background to appreciate the coupling of the peripheral circulation to heart . The venous reservoir could accommodate an increase in blood volume (as represented by the beaker filling the venous tank) and/or a decrease in capacitance (as indicated by the piston mechanism squeezing the venous tank) to enable the pump to maintain or increase its output under different scenarios. [Unpublished figure provided courtesy of Dr. John V. Tyberg.] function, which happens to coincide with the presentation of the heart as a flow generator. As such, CV instructors might consider reserving the flow generator concept for senior learners or, at least, introducing it after novice learners have confidently mastered the pressure propulsion aspect of the heart. Although more qualitative than quantitative in nature, I have assessed this approach in a fourth-year undergraduate CV course with verbal feedback from the students. After first delivering aspects of the pressure generator concept, which was review for most students, I presented the flow generator concept of the heart during a subsequent lecture describing the coupling of the systemic circulation to heart function. As stressed throughout this article, careful attention was made to not highlight one concept at the expense of the other but rather to present both as internally consistent and valid. At the conclusion of my series of lectures, I solicited verbal feedback from the learners about the presentation of the two conflicting concepts of heart function. The consistent response was that the presentation of the two, with emphasis on not having to choose one over the other, made sense to them. I specifically identified some of the students that had previously taken a second-year integrative physiology course in which they were only exposed to the pressure generator concept of the heart. This specific subset of students provided positive feedback indicating that the pressure generator concept was generally intuitive and easy to comprehend, whereas the flow generator concept tended to be more "abstract" and nonintuitive upon first exposure. They unanimously indicated that the learning progression from pressure then to flow generator concepts was beneficial to their understanding. Some of the graduate students that were taking the fourth-year course, admittedly, had been confused at the two perspectives from their previous exposure to CV physiology. They were very appreciative at the consolidation of the concepts based on separating the pressure and flow aspects as indicated above. For most, this was also their first exposure to scientific debate as well as recognizing some of the potential limitations of model-based physiology.
Limitations. One of the most prominent challenges to the heart acting as a pressure or flow generator has been the answer to the following question: Can the blood circulate without a heart? The surprising answer to this question has been described in detail by Furst, starting in chapter 5 of his book The Heart and Circulation (7) . Briefly, Furst elucidated historical studies using vertebrate embryos that suggested continued embryonic development and life after the cessation of the beating heart (13) or even removal of the heart (11)! In chapter 6, Furst provided further evidence that contradicted historical conclusions that the early embryonic heart circulated blood as a peristaltic pump. A highlighted report (6) demonstrated blood velocity traveling through the heart faster than the contractile waves that were supposed to be propelling it as well as noted increases in the embryo's heart rate not increasing the velocity of blood flow. The results of these various studies may suggest the importance of the blood vessels in circulating blood as well as even suggesting blood is capable of self-propulsion based on its own biological momentum simply boosted by the heart (15). Along this line, an early report by Noble (17) highlighted that during the latter part of systole, aortic pressure exceeded LV pressure but blood flow continued despite the reversal of the pressure gradient (attributed to momentum flow vs. pressure generation).
As indicated by Westerhof et al. (27) , one major limitation to the pump function graph (Fig. 1) is the heart does not generate a constant pressure or flow under different loading conditions, implying that the heart is neither a "true" pressure or flow generator. Moreover, as with most models, the pump function relation can be difficult to demonstrate in nonisolated preparations due to multifactorial influences on both developed pressure and flow in vivo. For example, a compensated heart may show no significant decrease in CO with a significant increase in afterload (23) or during exercise, which is typically characterized by an increase in systolic function/pressure, although afterload may not change or even go down with decreased SVR.
Clinical limitation. An intuitive challenge to the pressure generation theory is the prolific use of ␤-blockade medication for heart failure patients versus the infrequent use of sympathomimetic drugs. If the most important function of the heart is to generate pressure to ensure adequate blood flow, why would heart failure patients have increased blood flow when ventricular pressure has been reduced? Conversely, why is the prescription of various medications that increase ventricular pressure generation used less prolifically as an intervention to improve CO (4) and also demonstrate higher mortality rates in cardiac patients (1) (of note, inotropic agents are contraindicated with coronary heart disease since the associated increase in myocardial O 2 consumption would compromise the already insufficient ability to increase coronary blood flow)?
As we can see, models in physiology, although internally consistent, should be used with caution when attempting to explain all integrative physiology and clinical medicine phenomena.
Conclusions. As presented above, the heart can be reasonably portrayed as either a pressure or flow generator. The benefit of the pressure generation model is it tends to be intuitive, especially for the novice learner. The highlighted equations afford the CV instructor opportunities to logically develop the theory and provide simple arithmetic for the learners to use for problem solving in their attempt to understand the various relationships governing pressure, resistance, and blood flow within the CV system. For more advanced learners, a natural segue now exists to present the heart as a flow generator. This not only provides an opportunity to contrast the previous pressure propulsion theory of blood flow but also the important concomitant presentation of the systemic circulation in determining cardiac function. These two mutually exclusive concepts deserve separate attention as the understanding of the differences in pressure versus flow generation could potentially have important clinical implications. For example, CV disease could be considered a simple pump problem or a somewhat more complex flow problem with medical interventions having actions that impact pressure differently than flow. Importantly, careful attention should be taken to not discourage new learners, who tend to look for simple, unifying theories, but rather to engage through the careful presentation of scientific controversies and alternate conclusions. Although the pressure and flow based concepts are internally consistent, they have certain limitations. Like all model-based physiology, careful interpretation is required when attempting to explain all occurrences within integrative physiological preparations and clinical medicine. This should not deter the CV instructor but rather encourage as this presents Illuminations an excellent opportunity to highlight some general limitations of scientific findings for both new and senior learners.
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